The successful development of a noninvasive blood glucose sensor that can operate reliably over sustained periods of time has been a much sought after but elusive goal in diabetes management. Since diabetes has no well-established cure, control of elevated glucose levels is critical for avoiding severe secondary health complications in multiple organs including the retina, kidney and vasculature. While fingerstick testing continues to be the mainstay of blood glucose detection, advances in electrochemical sensing-based minimally invasive approaches have opened the door for alternate methods that would considerably improve the quality of life for people with diabetes. In the quest for better sensing approaches, optical technologies have surfaced as attractive candidates as researchers have sought to exploit the endogenous contrast of glucose, notably its absorption, scattering, and polarization properties. Vibrational spectroscopy, especially spontaneous Raman scattering, has exhibited substantial promise due to its exquisite molecular specificity and minimal interference of water in the spectral profiles acquired from the bloodtissue matrix. Yet, it has hitherto been challenging to leverage the Raman scattering signatures of glucose for prediction in all but the most basic studies and under the least demanding conditions.
prospects for translation to sustained noninvasive measurements in people with diabetes. Owing to the weak intensity of spontaneous Raman scattering, recent research has focused on enhancement of signals from the blood constituents by designing novel excitation-collection geometries and tissue modulation methods while our attempts have led to the incorporation of nonimaging optical elements. Additionally, invoking mass transfer modeling into chemometric algorithms has not only addressed the physiological lag between the actual blood glucose and the measured interstitial fluid glucose values but also offered a powerful tool for predictive measurements of hypoglycemia. This framework has recently been extended to provide longitudinal tracking of glucose concentration without necessitating extensive a priori concentration information. These findings are advanced by the results of recent glucose tolerance studies in human subjects, which also hint at the need for designing nonlinear calibration models that can account for subject-tosubject variations in skin heterogeneity and hematocrit levels. Together, the emerging evidence underscores the promise of a blood withdrawal-free optical platform-featuring a combination of high-throughput Raman spectroscopic instrumentation and data analysis of subtle variations in spectral expression-for diabetes screening in the clinic and, ultimately, for personalized monitoring.
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INTRODUCTION
Nearly four decades after the commercialization of the first analyzer for blood glucose, noninvasive continuous measurement of this key metabolite persists as an outstanding challenge in the biomedical sciences. Given the lack of a well-established cure for chronic disorders of glucose homeostasis, careful management of blood glucose levels through frequent monitoring is critical to maintaining tight glycemic control and, consequently, avoiding serious health complications of diabetes such as higher risks of heart disease, kidney failure, or blindness. While the binding affinity of glucose to proteins in the bloodstream yields key long-term glycemic markers (e.g., glycated hemoglobin and glycated albumin), 1 blood withdrawal-based glucose measurements remain the gold standard for diagnosis and therapeutic decision making in people with diabetes (PWD). The significance of glucose biosensors can be evidenced by the fact that they account for nearly 80% of all biosensors in the current world market. 2 Although these tremendous opportunities have led to significant advances in electrochemical glucose biosensors, the promise of noninvasive personal glucose testing is still to be realized. A noninvasive sensor would eliminate the pain and inconvenience associated with fingerstick testing, thus making a transformative impact on the quality of life of PWD.
Numerous innovative designs to replace fingerstick testing have been put forth and tested with varying degrees of success. Broadly speaking, these proposals fall into two types of categories: (1) minimally invasive devices, which comprise the subcutaneous electrochemical sensors as well as optical contrast agent-based approaches; and (2) fully noninvasive prototypes. Minimally invasive blood glucose monitoring techniques entail the insertion of an indwelling sensor under the skin to measure the glucose concentration from interstitial fluid (ISF). They exploit a wide variety of mechanisms and exogenous labels to quantify glucose levels and include glucose oxidase and mediator-based amperometric sensors, 3 glucose-responsive fluorescence protein, and functionalized carbon nanotube reporters, 4 and microneedle-based glucose monitoring systems. 5 While these constructs partially alleviate the pain of regular fingerstick testing and have resulted in a handful of United States Food and Drug Administration (FDA)-approved devices, several of the prototypes suffer from long-term stability concerns (and therefore require frequent recalibration) and susceptibility to biofouling. In principle, a shift toward fully noninvasive approaches would address all these limitations while also reducing the inconvenience of indwelling subcutaneous sensors. However, practical realization of these approaches in clinical settings has proven to be challenging and forms the focal point of ongoing research efforts.
Label-free photonic methods, in particular, have attracted considerable attention, due to the potential of nonperturbative measurements and simultaneous analysis of other blood constituents with minimal change in the diagnostic platform. Researchers have sought to directly exploit the endogenous optical attributes of glucose, such as absorption, optical rotation and inelastic scattering (see Figure 1) . 6 Combining the penetration depth of nearinfrared (NIR) light and unique molecular fingerprinting capability, vibrational spectroscopy has offered the most promising results. 7, 8 Several laboratories, including our own, have focused on advancing Raman spectroscopy through investigations in test samples of progressively higher complexity. 9, 10 To determine glucose concentrations from subtle variances in spectral signatures, construction of multivariate calibration models, which can identify a subset of pixels sharing (un)known biochemical functions, has formed a cornerstone of the research efforts.
Until recently, however, studies that directly address the nonanalyte specific variances in the calibration models have been lacking. The progress toward clinical translation has been halting with the inability to convert the promising results in controlled settings to sustained accurate measurements in PWD. Emerging reports have aimed to fill this missing gap by accounting for sample-to-sample variability in tissue absorption and elastic scattering 11 as well as autofluorescence and photobleaching of endogenous chromophores. 12 Physiological factors that lead to imprecision in glucose prediction, prominently differences between blood and ISF glucose levels 13 and fluctuations in hydration, turgor and hematocrit, have also been examined. Importantly, the development of tissue modulation interfaces 14 and incorporation of customized nonimaging optical elements 15 have considerably boosted the collection efficiency of Raman photons from the blood analytes. The conception of nonlinear calibration models has further allowed modeling of curved effects in the spectraconcentration relationship 16 and steps toward a calibration-free approach 17 has opened the door for CGM without necessitating interventions at intermediate time points.
This Account presents and critically discusses the results of this recent activity in terms of instrumentation development and innovative algorithmic frameworks. Promising approaches to counter the persistent challenges that hamper adoption of the otherwise transformative noninvasive glucose sensing method and an outlook of its bench-to-bedside translation is also presented.
TOWARD NONINVASIVE GLUCOSE MONITORING
In the quest for less invasive methods for glucose detection, the first design embodiments employed the electrochemical sensing principles of lancet-based glucose meters-the evolution of which forms a separate intriguing story that has been detailed elsewhere. 3, 18 These subcutaneous sensors have reached a stable configuration consisting of a fine needle or flexible wire, with the active sensing element at or near the tip and implanted in the subcutaneous tissue. A radically different advancement was pioneered by Kost and coworkers 19 based on ultrasound facilitation of the outward transport (and subsequent measurement) of ISF glucose. While initial results in preclinical studies were promising with minimal pain or damage to the skin being reported, the singular challenge of designing a reliable sensor for measuring small amounts of ISF glucose in a high ionic strength hydrogel environment (due to swamping of Donnan potential) has stymied significant progress. Searching for an optical solution to this pressing need, several approaches entailing the use of exogenous fluorescence labels have been espoused. The central idea is to implant fluorescence probe(s) beneath the skin and to interrogate it by using either an indwelling fiber optic component or an optical sensor from outside the body. For instance, Shibata et al. synthesized injectable polyacrylamide hydrogel microbeads based on fluorescent monomers featuring diboronic acid that enable reversible responsiveness to glucose and offer sufficient intensity to transdermally monitor glucose concentrations ( Figure 2A ). 20 An intriguing advance has been the development of single-walled carbon nanotubes as fluorescenceemitting components of in vivo glucose sensors. Strano and co-workers have leveraged carbon nanotubes to construct an enzyme-based optical glucose sensor ( Figure 2B ) and also utilized protein competitive binding for a reversible glucose affinity sensor. 21 Furthermore, implantable glucose sensors, harnessing surface enhanced Raman scattering (SERS)-active surfaces and the chemical functionalization of those surfaces with self-assembled monolayers (SAMs), have been proposed by the van Duyne group ( Figure 2C-F) . 22, 23 The ISF glucose measurements by this sensor and its recent derivative based on spatially offset SERS, 24 which demonstrated continuous monitoring capability in rats for over 17 days after implantation, have been encouraging. Despite the promising results, additional investigations into the long-term safety profile and biocompatibility for these implantable sensor constructs are required prior to clinical translation.
Fully noninvasive optical approaches present a paradigmatic shift in the manner of application, as they exploit the intrinsic light-matter interactions within the blood-tissue matrix. Owing to its unique molecular fingerprinting capability, vibrational spectroscopy, namely, absorption in the mid-and near-infrared regions and spontaneous Raman scattering, has received the greatest attention. In spite of the sharp spectral features, NIR spectroscopy is severely limited by its penetration depth due to the high absorptivity of water in this wavelength range. While shifting to the NIR regime solves the issue of penetration depth, molecular specificity is significantly reduced by the presence of broader spectral features. Because the NIR absorption spectrum encodes information by probing the overtone and combination vibrational transitions of the molecules, spectral congestion among many overlapping features poses a serious hurdle. Nevertheless, several research groups have reported successful NIR absorption based blood glucose measurements. 7, 25 Yet, the validity of NIR glucose sensing studies has since been questioned, owing to the possibility of model development based on spurious spectral correlations. 26 On the other hand, Raman scattering offers a complementary spectroscopic approach where the vibrational transitions alter the polarizability of the molecule and yields sharp spectral features in the recorded profile. Inspired by its unequivocal detection capability without issues of photostability and minimal interference from water, we and others have used Raman spectroscopy, in conjunction with chemometric analysis, to interrogate glucose levels. 10, [27] [28] [29] [30] [31] Using a wide range of study protocols ranging from glucose clamping in animal models to glucose tolerance tests in humans, we have demonstrated that, despite the lower intensity of glucose Raman-scattered signal, the developed models are more robust in relation to NIR absorption. 29 
NIR RAMAN SPECTROSCOPY BASED GLUCOSE SENSING
Raman spectroscopy exploits the inelastic scattering of photons to probe the structure and dynamics of molecules through their vibrational transitions. The shift in the initial and final vibrational states of the molecule is manifested in the form of characteristic spectral patterns, termed Raman fingerprints. Specifically, for the detection of blood glucose, a laser beam is subjected on the anatomical site under consideration and the Raman photons thus generated from the constituents of the blood tissue matrix are recorded ( Figure 3A) . Owing to the transcutaneous nature of measurement, selection of the excitation wavelength is critical to navigating the interplay of tissue autofluorescence and photodamage, Raman scattering cross section, and sample turbidity. NIR laser excitation is preferred, as it not only provides higher penetration depth in the "tissue-transparent" diagnostic window but also largely suppresses (but does not eliminate) the autofluorescence signal. Additionally, thermal and photochemical damage as well as potential mutagenic changes are minimized by the use of low energy NIR light. Efficient light detection, typically facilitated by deep depletion, back-illuminated charge coupled devices (CCD), also constitute a critical design aspect in order to alleviate the weak sensitivity of the Raman signal from glucose.
Furthermore, due to the intrinsic advantages of system portability and ease of clinical translation, considerable efforts have been made to develop tailored optical fiber probes for delivery and collection of light to and from the tissue interface. 32, 33 The underlying idea for the probe design is to maximize signal collection while suppressing confounding signals generated in the fiber probe itself. One of the earliest, and most extensively used, design embodiments consists of a central excitation fiber surrounded by an annular ring of collection fibers ( Figure 3B ). The selection of the fiber parameters (i.e., dimension and numerical aperture) is based on optical design strategy focused on achieving maximum system etendué (AΩ product). The fiber probe tip also houses a specialized set of filters as well as a half-ball lens that serves to enhance collection efficiency. Recently, other prototypes featuring graded-index (GRIN) lens and hollow-core photonic crystal fibers have emerged for biomedical applications and can be adopted for glucose sensing. 34 While most tissues are highly scattering and therefore emit photons at a wide angular range, traditional optical systems, both free-space and fiber probe-based, can collect scattered photons within a limited acceptance angle specified by their effective numerical apertures. In this milieu, a collection system that can redirect the light scattered at steep angles to be collimated within a limited range of conic half angles is highly desirable. To achieve this, the incorporation of nonimaging elements, such as gold-coated off-axis paraboloidal mirrors, 35 sapphire ball lens, 32 and compound parabolic concentrators (CPC), 36 has been advocated by us and others. Although hollow gold-coated CPC offers very efficient light collection, the physical size makes it impractical for routine use in clinical diagnostic devices. On the other hand, compound hyperbolic concentrator (CHC) ( Figure 3C ), when coupled with a suitable focusing lens, offers equally efficient collection while maintaining practical physical dimensions and permitting integration with fiber probe-based portable systems ( Figure  3D ,E). 15 Another challenge associated with Raman-based glucose sensing is the presence of highly idiosyncratic anatomical sites of measurement and the variability arising from motional artifacts that together necessitate a controlled mechanical interface. Chaiken and co-workers have elegantly addressed this by incorporating an active tissue modulation interface into the measurement device ( Figure 3F ,G). 14 Tissue modulation involves spatiotemporally localized mechanical stimulus to manipulate the mobile components of tissue relative to the static components and use difference spectroscopy to isolate the spectra of the two. Blood (and its analytes) being the primary mobile component, this approach affords greater specificity in terms of selecting the signal of the blood constituent of interest while rejecting the extraneous features of the solid tissue matrix components.
QUANTITATIVE SPECTRAL ANALYSIS
The wealth of intrinsic molecular information in the Raman spectra allows the deduction of molecular structure and concentration of myriad blood-tissue matrix constituents. Yet, the presence of the spectral interferents, stemming from other endogenous Raman-active constituents and fluorophores, represents a significant challenge in quantifying the glucose content. Given the millimolar detection limit of spontaneous Raman scattering and the 4-10 mM physiological concentration of glucose, the need for a robust and accurate concentration prediction algorithm is paramount. To address this and related problems of biomedical interest, chemometric algorithms have been developed and implemented. 37 A particularly important aspect is to overcome the influence of the tissue autofluorescence background.
Additionally, we have shown that the presence of photobleaching induced variations in the spectra may lead to spurious correlations that need to be addressed via experimental or computational methods to eliminate the adverse impact. 38 
Multivariate Calibration (MVC)
Given the small Raman scattering signal of glucose, the use of a single peak for concentration prediction is not feasible. One must resort to the application of MVC schemes that are able to exploit the multichannel nature of the spectroscopic data sets in order to determine concentration information. The two most commonly used methods to build a multivariate calibration model are principal component regression (PCR) and partial leastsquares (PLS). 37 The underlying assumption in these methods is that the measured Raman spectrum is a weighted linear combination of the constituent component spectra with the weights proportional to the corresponding concentrations. The overall goal of the developed calibration model is to predict the glucose concentration, c, of a prospective sample by taking the scalar product of the regression vector b with the spectrum recorded from the sample, s (Figure 4A ,B).
The aforementioned approaches differ in the specific mathematical transformations used to arrive at the regression vector, b (eq 1), from the spectra acquired from calibration samples and corresponding concentration measurements. PCR utilizes the principal components obtained by subjecting the spectral data set to principal component analysis where the data is transformed into a set of abstract orthogonal coordinate axes that best capture the variance in the spectral data set. On the other hand, in PLS application, both the spectral matrix S and reference concentration vector c of the calibration samples are transformed by projecting them into a new space such that the covariance between the two score matrices obtained is maximized. Here, the error terms in spectroscopic measurements are assumed to be independent and identically distributed random normal variables. The limit of glucose detection of the Raman system can be determined via the Cramér-Rao lower bound on estimator covariance and is based on the measurement noise, signal strength, and spectral overlap. 39 
Recent Advances in MVC Application
The assumption of linearity in PLS, PCR and related class of implicit calibration models may often fail owing to fluctuations in process and system variables, such as changes in temperature and sampling volume. It is worth noting that weak nonlinearities are modeled by the linear methods by retaining larger number of factors than is required by the chemical rank of the system. This, however, may incorporate irrelevant sources of variance and noise leading to apparently functional models that cannot be used for prospective prediction. In our human volunteer studies, while PLS-based subject-specific calibration provided reasonable results, the accuracy of global calibration models built across a cohort of subjects showed poor predictive power. To address this drawback, we proposed to model the curved effects by nonlinear calibration methods, prominently support vector machines (SVM). 16 SVM is adept at handling ill-posed problems, such as those encountered in spectroscopybased glucose sensing, and offers unique global models. 40 The central idea in SVM is to minimize the cost function that regularizes the coefficients and penalizes the net regression error. While minimization of large coefficients reduces the potential for overfitting to irrelevant variables, penalization of the regression error directly impacts the accuracy of the model. In SVM, this constrained optimization problem is solved with the help of Lagrange multipliers, which results in the following function:
where x i , x, and b, respectively, represent the calibration data, prediction spectrum, and the bias; and α i , a i * represent the Lagrange multipliers for the inequality constraints used in the formulation; and K(x i ,x) is the kernel function utilized for nonlinear transformation.
Nonlinear regression is handled using nonlinear kernels such as the radial basis function (with width of σ) (eq 2.2) and polynomials of degree d (eq 2.3). However, adequate caution should be exercised while using nonlinear calibration methods, as they are more prone to overfitting and sensitive to the choice of parameters compared to their linear counterparts.
In human subject studies, accounting for nonlinearity via SVM enhanced the glucose prediction performance by ca. 30% when compared to PLS-derived results. 16 The key question that arises is what is the basis for this improvement, i.e., what are the contributing factors to the nonlinearity in the spectra-concentration relationship? We reasoned that one particularly important source is the variations in tissue turbidity (further detailed in the ensuing section). Integration of feature selection in SVM regression models has also been shown to further boost the prediction performance, 41 and remains an area of ongoing research.
Another critical, yet underexplored, question is whether spectroscopy-based concentration tracking can be performed without requiring substantive calibration concentration measurements. Ozaki and co-workers proposed an analytical framework that empowers spectroscopy-based longitudinal tracking of chemical concentration with minimal a priori concentration information. 42 Leveraging these ideas, we have employed concentration space transformation from the spectral information and used these estimates in conjunction with the concentration profiles generated from a system kinetic model. 17 Use of this method has recently exhibited considerable reduction in prediction error over standard PLS regression when applied to a glucose tolerance test data set acquired from healthy volunteers. 10,17
EMERGING SOLUTIONS TO RECALCITRANT ISSUES IN BLOOD
GLUCOSE MEASUREMENTS
Turbidity in Biological Raman Spectroscopy
Turbidity-induced variations in sampling volume ( Figure 5A ) introduce substantive nonglucose specific variance in the recorded spectra, making accurate calibration extremely challenging. In fact, turbidity-induced alterations in the spectral intensity and peak widths may add nonlinearity to the spectra-concentration relationship, particularly when the absorption in the media is non-negligible. Over the past decade, three approaches have surfaced as attractive candidates for turbidity compensation in Raman spectroscopy. Temporal approaches depend on the differential time spent in the turbid sample by photons from the deeper layers as opposed to those generated at or close to the surface. Spatial approaches, on the other hand, rely on the deeper layer Raman signal being spread over a wider area than those emanating from shallower layers and therefore use spatially offset excitation and collection probes. While promising, these methods have not been extensively used for blood glucose sensing. The third approach blends measurements from an additional broadband source with an analytical formulation based on photon migration theory. The underlying hypothesis here is that the effects of turbidity are similarly manifested in both the diffuse reflectance and Raman measurements and thus, the former can be used to correct for the absorption and multiple scattering based distortions in the Raman spectra. Using Monte Carlo simulations, the relationship between Raman and diffuse reflectance has been elucidated for semi-infinite samples and samples of finite dimension ( Figure 5B ). 43 Application of turbidity-corrected Raman spectroscopy, 44 has shown near-perfect coalescence of Raman spectra acquired from a broad range of turbid media and, importantly, resulted in marked improvement in glucose concentration prediction.
Narrowing the Physiological Lag
Another major challenge is the time lag between the glucose levels in the blood and ISF compartments. NIR Raman measurements sample an effective depth of <1 mm (e.g., at λ ex = 830 μm) for biological tissue, 45 which means the greater part of the sampling volume resides in the avascular epidermis and the dermis ( Figure 5C ). Since the ISF compartment has nearly 9 times the volume of the capillary blood vessels, the acquired Raman spectra are largely indicative of the ISF glucose levels. Moreover, calibration models are typically built from measurements performed during glucose tolerance tests or glucose clamping studies. Both of these generate rapid changes in glucose levels, which leads to the lack of a one-toone correspondence between blood and ISF glucose concentrations ( Figure 5D ). This creates an inconsistency in the model that manifests itself as systematic calibration errors, which in turn adversely impact long-term performance of minimally invasive and noninvasive sensors.
Such systematic errors remain a leading reason for inaccurate prospective predictions of glucose concentrations, as they could otherwise lead to undesirable consequences. Following the standard prediction step, the predicted ISF glucose concentrations are inversetransformed to the corresponding blood glucose values. Analysis of human subject data using DCC is of significant value in various contexts. First, predictions based on DCC model are much better matched to the reference blood glucose values than those without the model; in a specific instance, a 16% reduction in leave-one-out cross-validation error was observed. in a cohort of healthy human subjects measured over a 2 h period. 27 Notably, while this initial study observed relatively modest variation in the lag time (9.5 ± 1.6 min) in healthy volunteers, further characterization in a larger population is warranted to understand potential lag time differences induced by diabetes. Second, this affords the ability to predict impending hypoglycemia, a much-needed feature for the next generation of glucose sensors, on the basis of the rate of change in ISF glucose concentration.
FINAL REMARKS
The combination of advances in experimental methods and chemometric analysis has allowed the demonstration of causality and adequate sensitivity in biological systems of increasing complexity for Raman-spectroscopy based glucose sensing. While promising, its translational potential as a truly noninvasive approach is yet to be realized. Specifically, validation in larger cohorts of PWD in single sitting as well as in follow up studies forms a critical milestone in demonstrating its diagnostic value. Furthermore, given the need for selfmonitoring of blood glucose, we anticipate that development of a miniaturized, yet sensitive, Raman device from its current portable version to a (hopefully) hand-held format will constitute a parallel and equally important research thrust. This approach is generalizable to noninvasive monitoring of other clinically relevant blood analytes, including the detection of creatinine and urea as well as bilirubin tracking in neonates. While the challenge remains substantial in seeking the "Holy Grail" of biophotonics, recent findings provide important insights into resolving some of the most intractable challenges thereby paving the way forward for this ambitious goal. 
